Abstract. Temperature data derived from the cryogenic limb array etalon spectrometer (CLAES) on board the Upper Atmosphere Research Satellite (UARS) are used to investigate planetary-scale temperature disturbances near the equatorial stratopause for January 1992 to May 1993. The disturbances are characterized by vertically stacked temperature extrema of alternating sign with a vertical scale of about 10 km and have a localized and stationary nature in the longitudinal direction with persistence of about 1 week. These are nearly identical to so-called "pancake structures" first identified by Hitchman et al. [1987] using data from the limb infrared monitor of the stratosphere (LIMS). Their analysis suggested that pancake structures are consistent with those predicted by inertial instability theory and that their appearance is synchronized with strong planetary waves in the winter midlatitude, though the LIMS observations were made only during the northern winter. Using the CLAES data for about 14 months, this study shows that pancake structures occur not only during the northern winter but also during the southern winter. In addition, it is found that an equatorial pancake structure has its counterpart with reversed phase in the winter midlatitude, suggesting clear evidence for inertial instability. Further analyses on the basis of Ertel's potential vorticity show that inertially unstable regions intrude locally far into the winter hemisphere around pancake structures that appear when planetary wave breaking is going on. This implies a mechanism of localized inertial instability and resulting pancake structures caused by midlatitude planetary waves in the winter hemisphere, as some numerical studies have inferred. Another observational work was done by Fritts et al. [1992], using the data from mesosphere-stratosphere-troposphere (MST) radar at Jicamarca (12øS, 77øW). They found persistent features in the meridional wind component with vertical scales of 6-10 km in the mesosphere during the southern winter. Though their analysis depends on the one-point ground-based observation, they inferred that the structures are due to inertial instability.
Introduction
Hitchman et al. [1987] (hereafter H87) found a new type of planetary-scale disturbance in the equatorial lower mesosphere during the 1978-1979 northern winter, using data from the limb infrared monitor of the stratosphere (LIMS) on board Nimbus 7 [Gille and Russell, 1984] . The disturbances (deviations from the zonal mean) consist of vertically stacked temperature extrema of alternating sign. They have a large amplitude (exceeding 5 K) with a short vertical wavelength (-14 km), are persistent as long as 1 or 2 weeks, and are almost stationary. Owing to their characteristic form, the temperature disturbances were named "pancake structures" in H87.
These pancake structures were anticipated by Dunkerton [1981] and Hunt [1981] , who independently proposed the existence of vertically layered structures in association with inertial instability. Dunkerton [1981] theoretically investigated a circulation pattern caused by inertial instability under the zonally symmetric condition and showed that pancake structures would be produced at side boundaries of the unstable region (see Figure 4 in our paper). Hunt [1981] found in a perpetual January run of a numerical model of the middle atmosphere Copyright 1998 by the American Geophysical Union.
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0148-0227/98/98 JD-01730509.00 that the tropical meridional wind in the northern hemisphere exhibited vertically stacked maxima with alternating signs. He attributed this characteristic feature to inertial instability. Dunkerton [1983] extended his previous work to zonally asymmetric modes on a parallel basic flow; furthermore, Dunkerton [1993] and Clark and Haynes [1996] have investigated inertial instability on a nonparallel basic flow.
The observational analyses by H87 showed that pancake structures appear only when the atmospheric flow is inertially unstable, a condition when there is an imbalance between the pressure gradient and the total centrifugal forces [,/lndrews et al., 1987]. H87 also found that midlatitude planetary waves are strong when pancake structures are prominent. However, the short lifetime of the LIMS instrument prevented H87 from examining the southern winter.
Another observational work was done by Fritts et al. [1992] , using the data from mesosphere-stratosphere-troposphere (MST) radar at Jicamarca (12øS, 77øW). They found persistent features in the meridional wind component with vertical scales of 6-10 km in the mesosphere during the southern winter. Though their analysis depends on the one-point ground-based observation, they inferred that the structures are due to inertial instability.
O'Sullivan and Hitchman [1992] followed up on H87 by using a mechanistic middle atmosphere model to investigate the relationship between equatorial inertial instability and midlati- Motivated by these studies, we try to examine whether pancake structures can appear even in the southern winter, though, as is well known, planetary wave activity in the southern hemisphere is relatively weak. To investigate this problem, we make use of data derived from the cryogenic limb array etalon spectrometer (CLAES; refer to Roche et al. [1993] ) on board the Upper Atmosphere Research Satellite (UARS). CLAES observed the Earth's atmosphere at the limb, and its vertical resolution is good enough to capture pancake structures with vertical wavelength of about 14 kin. The period of CLAES data from January 1992 to May 1993 includes two northern winters and one southern winter. In addition, we investigate whether pancake structures are really evidence for inertial instability, and what kind of relationship exists between inertially unstable regions and midlatitude planetary wave activity.
In section 2 we briefly describe the CLAES temperature data and the U.K. Meteorological Office (UKMO) analyses used in this study. In section 3 we show two typical cases of pancake structures, one for the northern winter and the other for the southern winter. Configurations of the potential vorticity field are also discussed for these two cases. In section 4 we examine the activities of pancake structures through the CLAES observation period and compare them with those of midlatitude planetary waves. In section 5 we further introduce supporting evidcncc that the data from the Halogen Occultation Experiment (HALOE) also observed a similar pancakelike feature. Finally, in section 6 we summarize the present study.
Data

CLAES Data
In this study we use the version 7 (V7) CLAES temperature data. (These results would be essentially unchanged if CLAES V8 temperature data were used.) CLAES was an infrared spectrometer on board the UARS, and a limb-viewing instrument similar to LIMS. (For a general introduction to the UARS mission, see Reber [1993] .) It measured radiances emitted by the atmosphere over an altitude range from 10-15 km to 60-65 km with a linear array of 20 detectors, each subtending 2.5 km at the limb. Thus the CLAES vertical resolution is good enough to resolve pancake structures which have a vertical wavelength of about 14 km (H87). It sampled vertical profiles 15 times per day at each latitude band, on each ascending (northward) and descending (southward) part of the orbit.
Using a Kalman filter estimation procedure, data are mapped in the form of synoptic coefficients at 1200 UTC during the period of January 9, 1992 to May 5, 1993. Zonal harmonic coefficients (the zonal mean and the cosine and sine coefficients of the first six zonal wavenumbers) are provided at 19 pressure levels with an interval of about 2.5 km, that is, the UARS standard pressure levels defined by p = 100 x l0 -(i-1)/6 hPa (i = 1, 2, -.-), and at 4 ø intervals in latitude from 80øS to 80øN. We averaged the ascending and descending parts.
CLAES alternatively observed from 32øS to 80øN, or 80øS to 32øN, depending on the direction of flight of the UARS spacecraft. It was turned around about every 36 days. In the lower latitude bands (32øS-32øN) We first try to capture the appearance of equatorial pancake structures as H87 did, which included figures showing timeheight sections of the LIMS temperature cosine coefficients for waves i and 2. In these figures they paid special attention to characteristic thermal disturbances with vertically stacked extrema in the lower mesosphere. The planetary scale disturbances they found are different from the equatorial Kelvin waves and the midlatitude planetary waves propagating into the equatorial latitude (see Figure i in H87) .
Figure i shows such a time-height section of sine coefficients for wave 1 over the equator as in H87 but based on the CLAES temperature data. The sine coefficients mean wavenumber 1 temperature variations at 90øE longitude, and we can infer the phase information from them. As H87 mentioned that the characteristic disturbances, that is, pancake structures, persist for i or 2 weeks, we applied 7-day running means for the data and filtered out shorter-period signals such as due to fast In both cases the vertical wavelength of pancake structures is about 10 km, which corresponds to the height of five vertical pressure levels and is close to the 14 km of H87 and the 6-10 km of Fritts et al. [1992] . Our result is consistent with a theoretical estimate of the vertical scale of pancake structures, which will be mentioned in section 3.3. Moreover, in section 5 we will present additional observations that HALOE on board the UARS also captured similar temperature disturbances with almost the same vertical wavelength. Pancake structures in this study are much more localized than H87 showed, probably because we include all wavenumbers 1-6 to represent the longitudinal structure, whereas H87 used only the first three wavenumbers. Pancake structures in the CLAES temperature have a larger vertical extent, from the upper stratosphere to the lower mesosphere, than those in the LIMS temperature, which existed mainly in the lower mesosphere.
Evidence for Inertial Instability
H87 stated in their paper that pancake structures were consistent with disturbances predicted by inertial instability theory. Inertial instability is a kind of symmetric instability that redistributes the angular momentum imbalance in a rotating fluid. In the Earth's atmosphere, if we assume zonally symmetric basic flow, a criterion of inertial instability is expressed as Then these vertical motions are accompanied by temperature (and geopotential height) extrema, resulting in the pancake structures. From this schematic figure it is supposed that at some latitude away from the equator there is another pancake structure having a reversed phase of the equatorial one. In the following we will clearly show this antiphased pancake structure, which H87 did not show. In this case we can also recognize another antiphased pancake structure near 35ø-40øS, though it is not so clear owing to missing data at high latitudes in the southern hemisphere because of the UARS switch of the viewing directions. This result in the southern winter case gives us further confidence that pancake structures are due to inertial instability.
Using this high-pass filter approach for the LIMS data, we could find antiphased pancake structures in the midlatitude (J. A. Knox, personal communication, 1998 (Figure 7a ), some parts of heavily shaded regions are pulled westward and equatorward around 150ø-180øE, which causes winter westerlies to be distorted; on the western longitude of the region, flows are almost southward, while on the eastern longitude they are northeastward. Then anomalous EPV (negative EPV) regions are pulled across the equator into the northern hemisphere around 180øE. On December 17 (Figure  7b) , the heavily shaded regions have been largely stretched and folded and form a "comma" shape, which means the planetary wave breaking is about to occur. Anomalous EPV regions intrude so much further that some of them reach over 30øN around 210øE. Then the wind field is extremely deformed; easterlies occupy wide regions from 300øE (60øW) to 150øE, extending across the equator to 30øN, while in the opposite longitudes (180øE-270øE), strong westerlies shift to the lower latitudes to make a meridional shear large enough to satisfy the inertial instability condition (4). On December 21 (Figure 7c ), some separations of high-EPV blobs (heavily shaded regions) are seen, indicating the planetary wave breaking is occurring. The large intrusion of anomalous EPV regions mostly disappears. Although easterlies remain in the lower latitudes, the wind field seems to be returning to a winter westerly circulation. All these background states are consistent with the space and time development of the pancake structure observed around 225øE having its counterpart in 30øN during the same period (Figures 2 and 5) .
A similar situation is seen in Figure 8 for the case of the southern winter pancake structure. On July 29 (Figure 8a ), distorted heavily shaded regions imply that the planetary wave has fully developed. It is seen in 180ø-270øE that the anomalous EPV (positive EPV) regions are pulled into the winter hemisphere. The wind field is, of course, distorted; strong winter westerlies move toward the equator in 180ø-270øE, while easterlies extend to 30øS in 0øE-150øE. On August 1 (Figure 8b ) the planetary wave breaking is going on, with many EPV blobs (heavily shaded regions). Then strong westerlies in the lower latitude produce a large meridional shear satisfying the unstable condition, resulting in localized intrusion of the anomalous EPV regions around 240øE with southeastward extension reaching 30øS at 270øE. On August 4 (Figure 8c the EPV tongue drawn from the winter midlatitude during the planetary wave developing or breaking events (see Figures 7 and 8) .
Pancake Structures in the HALOE Data
In order to acquire confidence in the existence of pancake structures in the CLAES temperature data, we will show some comparisons between the CLAES and the HALOE data when pancake structures appear. Figure 14 shows that the ozone mixing ratio also has a disturbance with a vertical wavelength of 10 km and gives good agreement with the temperature anomaly near the stratopause. Thus Figure 14 proves mutual reliability of the HALOE temperature and ozone data.
Summary
Using global temperature data from the CLAES on board the UARS, we have investigated characteristic disturbances of the temperature field near the equatorial stratopause, socalled, "pancake structures," which were first identified in the LIMS data by Hitchman et al. [1987] (H87). Through the present study some new evidence concerning these structures has been obtained. Using CLAES data throughout its observation period (January 1992 to May 1993), we found that pancake structures appear two or three times, not only during the northern winter, but also during the southern winter. In case studies we showed clear pancake structures extending from the upper stratosphere to the lower mesosphere over the equator. They are not wavelike, but highly localized in the longitudinal direction. The typical vertical scale of pancake structures is estimated as about 10 km, which is consistent with a theoretical estimate. As mentioned in section 5, the existence of pancake structures with this scale is confirmed using an independent data set from the HALOE experiment. We found clear evidence that pancake structures could be understood as results of inertial instability. With the use of a simple high-pass filter, we made it clear that a pancake structure over the equator has its counterpart with the opposite phase in the winter midlatitude, which is very similar to the theoretical expectation by Dunkerton [1981] . The antiphased pancake structures are masked by planetary waves in the midlatitude with their vertically deep structure.
Using UKMO analyses we calculated Ertel's potential vorticity (EPV) fields in order to examine the background states when pancake structures appear. As H87 and some numerical studies their relationship for the northern winter case; pancake structures appear as "thin" layered structures embodied in "deep" inertially unstable regions which planetary wave development has made localized on the eastern side of the "deep" high-EPV tongue. Extension of the high-EPV tongue and localized intrusion of inertially unstable regions should be important for material transport between the polar region and equatorial latitudes. In our preliminary investigation of the CLAES N20 mixing ratio field, we found that N20 distribution patterns are essentially similar to Figures 7 and 8. Knox [1996] also showed using N20 data from the improved stratospheric and mesospheric sounder (ISAMS) on board the UARS that there exists a localized transport from the tropics to the midlatitude in an episode of inertial instability in the lower stratosphere. Moreover, we believe that vertically thin meridional circulations which consequently make pancake structures play a role of rapid mixing to homogenize EPV in the subtropics. In this study our analyses with the CLAES data are restricted to the temperature field. We also estimated horizontal winds from the geopotential height data on the basis of "balance winds" introduced by H87. Latitude-height sections of the zonal mean zonal wind showed that penetration of the summer easterlies into the winter hemisphere near the stratopause is halted and reversed when pancake structures appear (not shown). This is consistent with an inference that inertial circulation should contribute to reduction of the meridional shear to restore inertially stable conditions. However, the anomaly wind field from the zonal mean was less correlated with the flow structure expected from inertial instability theory ( Figure  4) . We need much more careful treatment of the flow field near the equator, and such investigations should be done using the wind data directly measured by the high-quality groundbased or satellite observations. During the winter of the northern and southern hemispheres, pancake structures tend to appear because the semiannual oscillation (SAO) around the equatorial stratopause is dominated by the strong easterlies, which leads to inertially unstable conditions in the winter subtropics. Thus seasonal and interannual variability in the SAO easterly regime should be expected to affect the general characteristics of pancake structures, for example, appearance frequency, preferred longitude, and asymmetry between the two hemispheres, though in the present study distinct differences between pancake structures in the northern and southern winters are not clear.
We have discussed pancake structures in association with inertial instability, based on our finding of antiphased pancake structures in the midlatitude expected by theory [Dunkerton, 1981] . However, there remains a question as to whether they can really be explained by inertial instability theory alone. Some theoretical works [e.g., Dunkerton, 1990; Winter and Schmitz, 1998 ] infer that "divergent barotropic instability" also could produce unstable waves with a similar latitudinal pattern, that is, a set of the equatorial and subtropical maxima which are out of phase to one another. Pancake structures in this study may be related to this instability.
